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1.  Introduction 


j In  recent  years  much  effort  has  been  spent  on  the  development 

of  organic  dye  lasers.  These  lasers  are  useful  for  many  applications 
where  other  lasers  are  not  because  of  the  ability  to  select  the  wave- 
length of  their  emission  over  a wide  spectral  region.  This  wide 
wavelength  selection,  or  "tuning",  is  possible  because  of  the  broad 
emission  bands  of  the  dyes  being  used.  Unfortunately,  most  organic 
dyes  undergo  some  photodecomposition  when  being  "pumped"  so  that  dye 
circulating  systems  are  needed  for  the  lasers,  as  well  as  regular 
replacement  of  the  dye.  If  the  problems  associated  with  dye  degrada- 
tion could  be  overcome,  the  usefulness  of  the  laser  would  be  greatly 
Increased  for  applications  such  as  ranging,  communications  and 
Isotope  separation. 

Approximately  two  years  ago,  a program  was  begun  on  the 
"Investigation  of  Broad-Band  Emitters  as  Potential  Lasing  Ions". 

These  broad  band  emitters  were  to  be  inorganic  ions  dispersed  in  an 
inorganic  glassy  host.  It  was  hoped  that  In  this  program  a solid 
state  analog  of  the  organic  dye  laser  couid  be  developed.  If  this 
could  be  done,  this  type  of  laser  material  should  be  free  of  the 
photo- instability  problems  of  the  organic  dyes. 

The  broad  emission  bands  of  interest  in  this  study  are  generally 
associated  with  allowed  transitions  as  opposed  to  the  narrow  emission 
bands  associated  with  forbidden  transitions  in  the  trivalent  rare  earth 
laser  ions.  It  is  desirable  that  these  transitions  be  allowed  so  that 
their  emission  cross  sections  are  large  and  their  population  Inversions 
for  threshold  lasing  are  low,  despite  the  large  bandwldths.  For  the 
transitions  to  be  allowed,  the  selection  rule  A£-±l  must  be  obeyed.  In 
surveying  the  various  ions  that  fluoresce  in  glass,  a relatively  large 
number  are  found  which  meet  this  criterion.  These  ions  generally  fall 
into  one  of  two  classes:  the  rare  earth  ions  displaying  a 4fn“^5d  -*■  4fn 
transition  and  the  "filled  shell"  fluorescent  ions.  Examples  of  ions  in 
the  first  class  are  Ce3+,  Eu2+  , and  in  the  Becond  Tl+,  Pb2+,  Sb3+  and 
Sn2+.  While  these  ions  emit  anywhere  from  the  UV  to  the  infrared,  interest 
in  this  study  is  limited  to  those  ions  which  emit  in  the  spectral  region 
of  approximately  0.5  to  1.0  pm  (that  region  of  primary  interest  to  the 
Air  Force) . 1 

This  exploratory  research  program  was  approximately  two  years  in 
length.  In  order  to  most  efficiently  achieve  the  objectives  of  this 
program,  it  was  divided  into  three  major  areas  of  activity.  These  areas 
Included  the  following: 

1.  A literature  survey  was  done  in  order  to  identify  any 
glasses  which  might  display  a broad-band  fluorescence 


I 


arising  from  an  allowed  electronic  transition  in 
the  region  of  0.5  to  1.0  urn. 

2.  A sample  preparation  and  spectroscopic  evaluation 
was  done  on  the  fluorescent  glasses  identified  in 
the  preliminary  literature  survey.  This  spectro- 
scopic evaluation  involved  the  measurement  of  the 
absorption  spectra,  emission  spectra,  fluorescent 
decay  time  and  quantum  efficiency.  From  these 
data,  the  emission  cross  section  for  stimulated 
emission  could  be  calculated  and  the  expected  gain 
or  threshold  for  lasing  could  be  estimated. 

3.  Active  lasing  and/or  gain  measurements  were  made  on 
the  most  promising  candidates  identified  in  the 
spectroscopic  evaluation.  These  measurements 
included  active  lasing  tests  (an  attempt  to  observe 
oscillation  when  the  sample  was  placed  between  feed- 
back mirrors)  as  well  as  active  gain  or  pumped 
absorption  measurements  (a  monitoring  of  the  intensity 
of  a cw  probe  laser  beam  passing  through  the  sample 
during  pumping) . 
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2 . Literature  Survey 


I During  the  initial  phase  of  this  program,  a literature  survey 

was  done  in  order  to  identify  any  fluorescent  glasses  that  might  display 
a broad-band  fluorescence  arising  from  an  allowed  electronic  transition. 

The  ions  found  in  this  survey  are  listed  in  Table  I.  In  this  table  the 
ions  have  been  divided  into  two  general  classes:  the  rare  earth  ions 
displaying  a 4fn“^5d  4fn  transition  and  the  filled  shell  fluorescent 
ions.  In  addition,  a fluorescent  molecular  species,  cadmium  sulfide,  was 
found.  Fluorescent  glasses  which  were  found  but  not  included  were  those 
which  contained  ions  displaying  forbidden  transitions  (notably  most  of 
the  trivalent  rare  earths,  Mo3+  and  Mn2+) . 

As  mentioned  in  the  introduction,  only  those  ions  which  emit  in 
the  spectral  region  between  0.5  and  1.0  pm  are  of  Interest  to  the  Air 
Force.  Those  ions  which  seemed  to  fall  within  or  near  this  region  are 
given  in  Table  II.  Also  listed  in  Table  II  are  the  electronic  configurations 
of  the  ions,  the  approproximate  color  reported  for  their  fluorescence  and 
several  of  the  most  pertinent  references.  The  5,000  to  10,000a  region  of 
Interest  was  not  considered  too  rigidly  since  the  absorption  and  emission 
processes  taking  place  in  the  ions  involve  bonding  orbitals  and,  therefore, 
very  large  changes  in  the  spectral  locations  of  the  emission  bands  can  take 
place  when  the  chemical  composition  of  the  host  is  changed.  These  changes 
can  be  of  the  order  of  hundreds  or  even  thousands  of  angstroms.  This  is 

I A » 

quite  apparent  in  the  cases  of  Cu'r  and  Eu  . 

This  dependence  of  fluorescent  wavelength  on  the  host  complicates  the 
task  of  searching  for  ions  to  Investigate  for  lasing  in  a particular  spectral 
range.  The  task  is  further  complicated  by  the  broad  emission  bands,  since 
an  ion  with  a peak  fluorescence  at,  say, 4500&  in  a particular  glass  might 
be  made  to  lase  at  5500&,  if  the  band  is  broad  enough.  On  the  other  hand, 
these  complexities  are  beneficial  in  that  they  yield  more  candidates 
for  lasing  in  a particular  region  of  interest. 

For  the  ions  listed,  the  number  of  references  found  varied  from  a 
great  many  for  the  case  of  the  Cu+  ion  to  only  one  or  two  for  the  Ge2+, 

Eu2+,  Yb2+,  and  V5+  ions.  Also,  in  the  case  of  CdS,  fluorescence  in  some 
glasses  was  reported  but  the  activator  was  not  identified.1 


r 


f 


-3- 


I 


3.  Calculations  Used  for  the 
Spectroscopic  and  Potential  Lasing  Evaluation 

In  order  to  evaluate  the  lasing  potential  of  a particular  ion 
in  a particular  host,  some  "guideline"  calculations  are  required.  These 
calculations  Involve  several  steps: 

a.  Use  of  the  spectroscopic  data  measured  on  the  ion 

to  calculate  a,  the  peak  cross  section  for  stimulated 
emission. 

b.  Use  of  the  absorption  spectra  measured  on  the  material 
to  estimate  AN,  the  population  inversion  obtainable 
with  a "reasonable"  pump  source. 

c.  Use  of  the  calculated  o and  AN  to  further  calculate  an 
"expected"  gain  for  the  material  when  used  in  a laser 
under  "reasonable"  pumping  conditions. 

d.  Comparison  of  this  "expected"  gain  to  the  gain  required  for 
lasing,  assuming  some  set  of  realistic  laser  cavity  para- 
meters. 

3.1.  Calculation  of  the  Peak  Cross  Section  for  Stimulated  Emission 

The  stimulated  emission  cross  section  o for  a potential  lasing 
transition  from  level  2 to  level  1 can  be  calculated  through  the  FUchtbauer- 
Landenburg  equation: 

IX2  IX4 

o * or  ~ 

T2*  it  2 Av  T2*  n^AX8irc 


where  X is  the  line  center  frequency,  Av  or  AX  is  the  line  width,  n is  the 
index  of  refraction,  and  I/T21  is  the  spontaneous  transition  rate  from 
the  upper  lasing  level  to  the  lower  level. 

To  use  Eq.  (1)  it  is  assumed  that  T21  ■ t,  where  t is  the  measured 
fluorescent  decay  time  or,  more  accurately,  T21  ■ t/4>  where  * is  the  quantum 
efficiency  for  the  pertinent  transition.  The  other  parameters  needed  in 
Eq.  (1)  are  obtained  from  the  emission  spectra. 

3.2.  Estimation  of  the  "Obtainable"  Population  Inversion 

An  estimation  of  the  population  inversion  obtainable  with  a "reasonable" 
pump  source  can  be  done  from  a knowledge  of  the  ionic  absorption  bands  and 
the  spectral  output  of  available  pump  sources. 


t 


-4- 


If  the  absorption  spectra  of  the  ions  of  Interest  are  examined, 
most  are  found  %.<■>  absorb  in  the  ultraviolet  region  of  the  spectrum. 

Also,  these  absorptions  generally  appear  as  an  absorption  "edge". 

In  order  to  define  a useful  wavelength  region  of  pumping  for  these 
ions,  it  was  assumed  that  effective  pumping  could  be  accomplished  in 
the  region  where  the  optical  density  through  the  diameter  of  the 
laser  rod  was  between  0.15  (%30%  absorption)  and  1.8  (%98%  absorption). 
(Any  light  absorbed  at  a more  intense  absorption  would  primarily  be 
concentrated  at  the  surface  of  the  rod  and  would  not  be  efficiently 
utilized. ) 

To  find  the  flashlamp  energy  available  for  pumping  these  ions, 
several  realistic  parameters  can  be  assumed.  For  example,  a 25  J 
pulse  of  light  energy  can  easily  be  obtained  from  a 25,000°K  lamp 
operating  at  a pulse  length  significantly  shorter  than  2 Psc  (the 
shortest  decay  time  ion  found  here).  It  can  be  formed  from  the  25,000°K 
black-body  curve  for  such  a lamp  that  about  18%  of  this  25  J,  or  A. 5 J, 
is  emitted  in  the  2300-3600$  interval.  This  corresponds  to  approximately 
0.35  J per  100A  interval.  Assuming  a rod- lamp  coupling  coefficient  of 
0.5,  approximately  0.77  J of  energy  would  be  absorbed  by  a laser  rod 
for  each  100A  of  pump  band  width. 

3.3.  Calculation  of  the  "Expected"  Gain 

Once  a has  been  calculated  and  AN  has  been  estimated,  an  expected 
gain  can  be  calculated  for  the  material  from  the  equation: 

G - e(oANi-al)  (2) 

where  a is  the  loss  per  unit  length  and  i is  the  rod  length.  In  this 
study  this  gain  was  not  calculated  since  a value  of  a was  not  known 
for  any  of  the  materials  tested.  Rather,  an  ideal  gain  was  calculated 
which  assumes  a ■ 0.  That  is: 


^ideal 


oANi 

e 


(3) 


This  is  a meaningful  quantity  for  two  reasons  first,  it  can  be  used 
to  calculate  the  lasing  threshold,  assuming  reasonable  cavity  parameters 
and  loss  coefficients;  and  second,  it  is  the  gain  which  should  be 
observed  in  a cw  laser  beam  passing  through  a rod  when  comparing  the 
pimped  to  the  unpumped  condition  (as  was  done  in  this  study). 

3.4.  Estimation  of  Lasing  Potential 


In  order  to  achieve  lasing  (a  sustained  oscillation) , the  condition 
must  be  met  that: 
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r„2  _>  1 


(4) 


or 


G. , . - eoANi  > -i- 

ldeal  - rjr2 


at 


(4-A) 


where  r\  and  r2  are  mirror  reflectivities,  a is  the  loss  per  unit  length, 
and  £ is  the  rod  length.  Typical  laser  cavity  parameters  might  be: 

r2  ■ 1.0 

rl  ■ 0.97 

a ■ 0.003  cm-1 

£ ■ 3"  * 7.6  cm 

Using  these  values  in  Eq.  (4-A)  , lasing  should  occur  if: 


Gideal 


oAN£ 

e 


1.0 


These  calculations  do  not,  of  course,  take  into  consideration  the 
possibility  of  excited-state  absorption.  Since  excited-state  absorption 
can  (and  often  does)  prevent  lasing,  the  possibility  of  its  existence 
cannot  be  Ignored.  However,  since  it  cannot  generally  be  predicted  from 
these  spectroscopic  measurements,  it  is  considered  later  with  active 
lasing  tests  in  the  material  evaluations. 
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4.  Experimental  Evaluation  of  Materials 


On  selected  samples  prepared  vlth  the  various  dopant  Ions,  various 
spectroscopic  mearurements  were  made.  These  measurements  Included  the 
fluorescent  decay  time,  absorption  spectra,  emission  spectra  and 
quantum  efficiency.  From  these  measurements  the  lasing  potential  for 
these  materials  can  be  calculated  (a6  was  discussed  in  the  previous 
section) . 

Host  of  the  above  measurements  are  made  by  standard  techniques. 

Since  most  Ions  of  Interest  here  have  fluorescent  decay  times  of  a 
few  tens  of  microseconds  or  less,  a Xenon  Corporation  Micropulser 
was  used  for  the  flash  excitation.  Generally,  appropriate  narrow  band 
pass  filters  were  used  between  the  flashlamp  and  the  sample  and  between 
the  sample  and  the  photomultiplier  In  order  to  block  any  stray  excitation 
light  from  the  detector. 

Absorption  spectra  were  taken  with  a Cary  14  Spectrophotometer. 
Emission  spectra  were  recorded  with  8 scanning  quartz  prism  monochrono- 
meter In  conjunction  with  a photomultiplier.  (Generally  an  S-20  type; 
however,  an  S-l  type  can  be  substituted  to  extend  further  into  the  IR.) 

Quantum  efficiency  measurements  were  made  by  comparing  the  relative 
fluorescence  output  of  the  samples  to  a quinine  sulfate  -HjSOi,  solution. 

The  Lasing  Evaluation  Equipment  consisted  of  an  optical  resonator, 
a flashlamp  and  an  energy  storage  system.  The  optical  resonator  included 
a test  laser  rod,  a 32  transmitting  mirror,  and  a 100%  reflecting  mirror. 
These  mirrors  were  purchased  from  Oriel  Corporation  and  were  specified  to 
have  broad  band,  multilayer  dielectric  coatings  with  "flat"  reflectivity 
curves  from  4500?  through  6500&.  They  had  a thirty-second  wedge  and  a 
surface  flatness  of  less  than  1/10  wave.  The  laser  rod  was  supported 
inside  a four- inch  arc  length  DL-10  coaxial  flashlamp.  This  flashlamp 
was  energized  by  a Phase-R  Model  DL-1100  power  supply  operating  at  25 
kilovolts  and  0.3  microfareds  producing  a pulse  width  of  less  than  1 
microsecond.  The  output  of  the  transmitting  mirror  was  observed  by  a 
PIn-10 diode  detector  from  United  Detector  Technology.  The  electrical 
signal  from  this  detector  produced  a trace  on  an  oscilloscope  equipped 
with  a Polaroid  camera. 

The  Laser  Rod  Gain  Measurement  test  utilized  a continuous  wave  (cw) 
laser  and  the  flashlamp  and  power  supply  assembly  from  the  pulsed  laser 
system.  In  this  test,  the  wavelength  of  the  cw  laser  was  chosen  so  that 
it  closely  matched  the  peak  of  the  emission  band  of  the  sample  being  tested. 

The  cw  laser  beam  was  passed  through  the  sample  and  was  detected  by 
a Pin-10  (silicon  diode)  detector  from  United  Detector  Technology.  A narrow 
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band  pass  (NBP)  filter  vas  positioned  over  this  detector  to  prevent 
extraneous  light  that  vould  affect  the  electrical  signal  to  the 
, oscilloscope.  A neutral  density  (ND)  filter  vas  also  placed  in  the 

L cv  laser  beam  to  reduce  the  Intensity  of  the  light  and  avoid  saturation 

of  the  diode. 

The  100Z  T or  cw  laser  beam  signal  from  the  detector  vas  traced  on 
the  oscilloscope's  camera,  along  vith  the  OZ  Tor  blocked  beam  signal. 

Then  the  cv  laser  beam  vas  recorded  vhile  the  flashlamp  vas  energized 
from  a 25  kilovolt,  0.3  micro-farad  capacitor  from  the  Phase  R-Model  DL-1100 
Laser  System.  An  Increase  in  this  composite  signal  over  the  100%  T only 
signal  signifies  an  adding  to  the  cv  laser  beam,  or  a gain.  On  the  other 
hand,  a decrease  in  the  composite  signal  Indicates  a pumped  absorption, 
perhaps  from  the  excited  state  of  the  dopant  ion,  in  the  test  sample. 


Continuous  vave  lasers  used: 

Helium-Neon  (63288) 
Argon  (50178) 

Argon  (45458) 
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5.  Experimental  Results 


5.1.  Initial  Glass  Selection  and  Spectroscopic  Evaluation 

In  the  Initial  phase  of  this  program,  a series  of  glasses  vas 
prepared  which  contained  most  of  the  ions  listed  In  Table  II.  In  this 
series,  several  host  glass  compositions  were  selected  and  doped  with 
the  ions  Cu+,  Ge2+,  Sn2+,  Sb3+,  Bi3+,  Eu2+  and  Yb2+.  Also,  commercial 
filter  glasses  which  contained  CdS  were  obtained.  The  compositions  of 
some  select  glasses  prepared  in  the  study  are  listed  in  Tables  III  and 
IV. 


In  a preliminary  qualitative  examination,  the  glasses  containing 
Cu  , Sn2+,  Sb3+,  and  Eu2+  appeared  to  show  the  most  promise.  Therefore, 
these  ions  have  been  the  most  thoroughly  investigated.  However,  several 
of  the  other  glasses  have  shown  very  interesting  features  and  may  warrant 
further  investigation. 

In  the  following  sections,  those  ions  which  have  been  investigated 
the  least  and  also  appear  least  likely  to  be  successful  laser  ions  will 
be  discussed  first. 

5.1.1.  Ge2+  Doped  Glasses 

Glasses  doped  with  Ge2+  can  be  produced  by  strongly  reducing 
glasses  containing  Ge02>  This  was  accomplished  in  this  study  in  the 
same  manner  as  described  elsewhere;4  that  is,  by  the  addition  of  some 
glass  constituents  as  acetates  and  melting  in  a covered  SIO2  crucible. 

Ge2+  was  easily  produced  in  the  Na20-Ca0-Si02  glass  (AF-117)  but,  as 
reported  elsewhere,4  no  Ge2+  was  produced  in  the  K20-BaO-GeC>2  glass 
without  NiO  (AF-127)  but  was  in  the  glass  containing  a trace  of  NiO 
(AF-128).  This  is  a puzzling  but  interesting  phenomenon. 

The  production  of  Ge2+  could  easily  be  detected  visually  by  the 
yellow  color  imparted  to  the  glass.  Also,  the  red  fluorescence  from 
the  Ge2+  could  easily  be  seen  when  the  glass  was  exposed  to  "long  wave" 

UV  excitation.  However,  because  of  the  uncertainty  in  how  much  Ge02 
was  reduced,  it  was  not  possible  to  estimate  the  amount  of  Ge2+  produced. 

Ge2+  is  one  of  the  ions  that  appears  very  interesting  for  further 
study  since  it  has  a fluorescence  that  peaks  well  into  the  red  and  since 
it  has  a very  broad  absorption  band  in  the  blue  (see  Figure  1)  which  should 
result  in  very  efficient  pumping.  However,  the  fluorescence  does  appear 
somewhat  weak  and  may  indicate  a low  quantum  yield. 

5.1.2.  CdS  Containing  Glasses 

Cadmium  sulfide  containing  glasses  can  be  made  to  absorb  and  emit 
throughout  quite  a large  range  in  the  visible  and  near- infrared,  depending 
on  their  composition  and  the  melting  and  heat-treatment  conditions. 
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Therefore,  these  glasses  could  be  of  considerable  Interest  for  this 
application. 


In  this  study,  rather  than  expend  a considerable  effort  on  the 
development  of  preparation  techniques  for  these  glasses,  commercially 
available  filter  glasses  were  purchased.  These  glasses  show  considerable 
fluorescence  under  UV  excitation  but  were  not  evaluated  spectroscopically 
due  to  lack  of  time.  That  Is,  the  absorption,  emission  and  excitation 
spectra,  quantum  efficiency,  and  decay  times  were  not  measured. 

5.1.3.  Yb2*  Doped  Glasses 

Several  attempts ^ere  made  to  generate  Yb2+  In  Vycor,  as  was 
described  by  Wachtel.  However,  this  Ion  appeared  to  be  quite 
difficult  to  generate.  When  using  ytterbium  nitrate  to  Impregnate 
the  Vycor,  substantial  amounts  of  Yb2+  could  be  produced  only  when  the 
Vycor  was  also  Impregnated  with  large  amounts  of  aluminum  nitrate  (as 
was  reported  by  Wachtel).  However,  when  a solution  of  ytterbium  acetate 
was  used  to  Impregnate  the  "thirsty  Vycor,"  and  the  sample  fired  In  a 
100%  H2  atmosphere,  substantial  amounts  of  Yb2+  could  be  generated  without 
the  addition  of  the  extra  aluminum  salts. 

Figure  2 shows  the  absorption  and  emission  spectra  of  Yb2+  doped 
Vycor  produced  by  Impregnating  "thirsty  Vycor"  with  a solution  of  ytter- 
bium acetate.  (While  the  amount  of  reduction  of  the  ytterbium  was  not 
quantitatively  determined,  this  sample  would  contain  0.10  weight  % YbO 
if  all  the  ytterbium  were  reduced.)  As  can  be  seen,  the  emission  peaks 
at  about  5500A  and  extends  out  past  7000a.  This  is  in  about  the  Ideal 
region  for  this  study.  However,  most  of  the  Intense  absorption  of  the 
Yb2+  is  in  the  UV  with  a somewhat  weak  tail  extending  into  the  visible. 

This  tail  is  apparently  responsible  for  the  excitation  spectra  (as  shown 
by  Wachtel)  extending  out  to  about  4500&. 

The  fluorescence  decay  time  of  this  glass  was  found  to  be  52  usee, 
and  the  quantum  efficiency  was  found  to  be  about  7.2%  under  2537A 
excitation  ^see  Table  V).  Using  these  two  values,  the  radiative  decay 
time  for  the  Yb^was  calculated  to  be  720  sec.  Thl6  decay  time 
16  extremely  long  and  is  Indicative  of  a forbidden  transition.  This 
transition  may  be  the  same  as  that  which  is  responsible  for  the  very 
weak  absorption  seen  between  3000  and  5000A.  In  order  to  calculate 
the  fluorescence  decay  time  for  this  transition,  it  would  be  necessary 
to  know  both  the  amount  of  Yb2+  generated  and  the  nature  (the  multiplicity) 
of  the  ground  and  the  excited  states  of  the  observed  absorption.  However, 
from  the  Intensity  of  the  absorption  observed  at  about  3500&,  a fluores- 
cent decay  time  of  several  hundred  microseconds  would  not  be  unreasonable. 


The  reason  for  the  relatively  long  fluorescent  decay  time  of  the 
Yb2+  Ion  Is  not  lnmediately  obvious.  The  expected  emission  would  be 
from  an  allowed  d -*■  f transition,  similar  to  the  Eu2+  ion.  However, 
this  does  not  appear  to  be  the  case.  It  can  only  be  speculated  at  this 
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time  but  It  may  be  that  the  strong  UV  absorption  (%3000X)  Is  due  to 
an  allowed  f -*•  d transition.  However,  if  a p orbital  lies  at  a 
slightly  lower  energy  than  the  upper  d orbital,  a decay  from  the  d 
to  the  p orbital  could  take  place  producing  a forbidden  p f emission 
to  the  ground  state. 

In  order  to  determine  whether  the  Yb2*  ion  still  has  potential  as 
a broad  band  laser  ion,  it  will  be  necessary  to  determine  the  significance 
of  the  low  quantum  efficiency.  That  is,  if  the  excited  state  responsible 
for  the  fluorescence  is  actually  being  quenched  by  some  mechanism  so  that 
the  radiative  decay  time  is  about  700  usee  (as  calculated  from  t/$) , then 
the  stimulated  emission  cross  section  for  the  7b2  ion  would  probably 
be  too  low  to  expect  lasing  to  oocur  at  a reasonable  threshold, 
if  the  quantum  efficiency  is  low  because  of  some  other  mechanism,  such 
as  only  a partial  decay  into  this  energy  level,  then  the  quantum 
efficiency  from  the  fluorescent  state  itself  may  be  nearer  to  1.0 
and  the  radiative  decay  time  of  this  state  may  be  near  the  measured  50  usee. 
This  radiative  decay  time  would  then  give  an  emission  cross  section  that 
might  allow  lasing.  In  order  to  distinguish  between  these  possibilities, 
it  will  be  necessary  to  measure  the  quantum  efficiency  of  the  fluorescent 
level.  This  might  be  done  by  direct  excitation  into  the  lower  lying 
energy  level  with  3500X  radiation  as  opposed  to  the  2537A  radiation  used  here. 

5.1.4.  Eu2+  Doped  Glasses 

The  absorption  and  emission  snectra  of  Eu2*  in  various  silicate 
glasses  have  been  given  elsewhere,^  but  in  order  to  generate  Eu2+  in 
those  glasses  it  wa6  necessary  to  melt  the  glasses  in  graphite  crucibles 
which  reduced  the  glasses  so  severely  that  the  glasses  were  Bomewhat 
darkened  and  showed  considerable  light  scattering.  But  Eu2+  can  be 
generated  much  more  easily  in  "high  silica"  glasses  (such  as  Vycor  or 
fused  silica)  than  it  can  be  in  more  conventional  silicate  glasses. 

Almost  all  the  europium  doped  into  Vycor  can  be  reduced  to  the  Eu2* 
state  under  quite  mildly  reducing  conditions  (10Z  H2-90Z  N2  atmosphere). 

(As  a matter  of  fact,  the  blue  Eu2+  fluorescence  could  be  seen  even  in 
a sample  which  had  been  fired  in  air.  It  would  be  interesting  to 
establish  the  Eu2  ^ Eu2*  equilibrium  in  this  material  a6  a function 
of  the  oxygen  partial  pressure.) 


Figure  3 shows  the  absorption  and  emission  spectra  of  an  Eu2*  doped 
"96Z  silica"  glass  containing  approximately  0.02  wt.  Z EuO.  As  can  be 
seen  from  the  figures,  this  ion  should  be  easily  pumped  with  a flashlamp 
because  of  its  broad  absorption  band. 

Unfortunately,  Eu2*  emission  in  this  "96Z  silica"  host  is  at  some- 
what shorter  wavelengths  than  is  desired  for  Air  Force  applications. 

However,  since  Eu2*  emission  in  other  glass  hosts  is  at  considerably 
longer  wavelengths,  it  may  be  possible  to  shift  the  emission  in  the  "96Z 
silica"  host  by  Impregnating  "thirsty  Vycor"  with  another  ion  at  the 
same  time  it  is  impregnated  with  the  europium  salts.  We  have  attempted 
to  do  thl6  with  aluminum  nitrate  and  phosphoric  acid,  but  the  concentrations 
were  apparently  too  high  and  the  samples  crumbled  in  firing. 
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The  quantum  efficiency  of  the  Eu2  fluorescence  was  found  to  be 
0.77  when  excited  at  2537A.  This  quantum  yield  Is  very  high  and  Is 
therefore  very  encouraging  for  laser  applications.  The  fluorescent 
decay  time  of  this  sample  was  found  to  be  1.9  psec  (see  Table  V).  If 
this  value  Is  corrected  by  the  quantum  efficiency  (assuming  the  decrease 
In  the  quantum  efficiency  below  1.0  Is  due  to  nonradiatlve  decay  from 
the  excited  state)  the  radiative  decay  time  for  the  Eu2+  Ion  Is  2.5  psec. 
If  this  value  Is  combined  with  the  emission  wavelength  and  the  emission 
band  width,  the  peak  cross  section  for  stimulated  emission  can  be 
calculated  (see  Section  3.1).  This  was  done  and  the  peak  emission 
cross  section  for  the  Eu2+  ion  in  this  host  was  found  to  be  8.65  x 10“20 
cm2  (see  Table  VI) . This  Is  a very  high  emission  cross  section  for  a 
glassy  host.  In  fact,  this  cross  section  is  approximately  double  that 
for  the  highest  cross  sections  known  for  Nd2+  In  glass  (such  as  alkali 
phosphates) . 

As  can  be  seen  in  Figure  3,  the  bandwidth  for  pumping  this  ion  is 
quite  broad — being  on  the  order  of  1440&.  If  reasonably  mild  pumping 
conditions  were  considered,  such  as  a 25  J pump  pulse  (see  Section  3.2), 
approximately  2.5  Joules  should  be  absorbed  by  the  laser  rod  (see  Table 
VI).  This  would  be  a sufficient  amount  of  energy  to  excite  nearly  all 
the  Eu2+  ions  in  a 1/4"  x 3"  laser  rod.  Since  it  probably  would  not  be 
possible  to  excite  more  than  about  25  to  50%  of  the  ions  present,  the 
maximum  population  Inversion  obtainable  with  this  doping  level  would 
be  about  0.5  to  1.0  x 1018  lons/cc.  However,  this  should  produce  an 
"ideal"  gain  (no  loss  in  the  rod)  for  a 3"  rod  of  approximately  1.4  to 
1.9.  This  gain  is  much  greater  than  the  1.04  which  should  be  needed 
to  produce  lasing  under  reasonable  conditions  (see  Section  3.4). 

Therefore,  barring  unpredictable  factors  such  as  excited  state  absorption. 
the  Eu2~t~  ion  should  be  easily  made  to  lase. 

5.1.5.  Cu+  Doped  Glasses 

A series  of  Cu+  doped  glasses  (see  Table  III)  was  prepared  by 
melting  the  glasses  in  a gas-fired  pot  furnace  with  an  excess  of  CH»,  (with 
respect  to  air)  to  produce  a reducing  atmosphere.  This  was  quite 
effective  In  reducing  all  the  copper  as  no  blue  color  (Cu2+)  wa6  evident 
In  the  glasses.  However,  some  light  scatter  could  be  seen  In  the  sample. 
Indicating  the  glasses  may  have  been  too  strongly  reduced. 

The  absorption  and  emission  spectra  of  the  the  two  glasses  containing 
0.05  mole  Z CU2O  are  shown  In  Figures  4 and  5.  The  light  scattering 
mentioned  previously  is  apparent  In  the  absorption  spectra  shown  In 
Figure  4.  That  is.  It  appears  that  there  is  an  absorption  tall  extending 
throughout  most  of  the  visible.  Actually,  the  Cu+  absorption  in  this 
glass  should  approach  zero  near  350  nm  as  does  the  spectrum  shown  in 
Figure  5 for  the  Na20-Ca0-S102  glass. 

The  areas  obtained  from  the  amission  curves  shown  in  Figures  4 and  5 
were  used  to  calculate  the  quantum  efficiencies  of  the  fluorescence  when 
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the  samples  were  excited  at  2537&.  It  was  found  that  the  quantum 
efficiency  of  the  Cu+  fluorescence  In  the  LijO-CaO-SlOj  glass  (AF-110) 
was  0.61  and  the  quantum  efficiency  of  the  Cu+  fluorescence  in  the 
NajO-CaO-SiOj  glass  (AF-104)  was  0.67.  Also,  the  fluorescent  decay 
times  of  these  glasses  were  found  to  be  32  sec  for  the  Li20-Ca0-Si02 
glass  (AF-110)  and  27  for  the  Na20-Ca0-S102  glass  (AF-104) . Using 
the  measured  quantum  efficiencies  to  correct  these  values,  radiative 
decay  times  are  53  psec  for  AF-110  and  41  ysec  for  AF-104.  When  these 
values  are  combined  with  the  peak  emission  wavelengths  and  emission 
bandwldths,  the  peak  cross  sections  for  stimulated  emission  are  found 
to  be  0.34  x 10”*°  cm2  for  AF-110  and  0.52  x lO"25  cm2  for  AF-104  (see 
Table  VI).  While  these  emission  cross  sections  are  much  lower  than 
that  calculated  for  Eu2+  or  those  found  for  Nd3+  in  glass,  they  are 
not  greatly  different  than  the  emission  cross  sections  for  other  known 
laser  ion6  (such  as  Yb3*  in  glass).  Therefore,  a cross  section  of 
this  magnitude  (%0.5  x 10“20  cm2)  should  not  exclude  Cu+  from  being 
considered  as  a potential  laser  ion. 

The  bandwidth  for  pumping  the  Cu+  ion  in  AF-104  (a  Na20-Ca0-Si02 
glass)  was  found  to  be  about  320  to  340$  from  Figure  5.  This,  along 
with  a 25  J pump  pulse,  should  yield  about  0.55  to  0.59  J absorbed  by 
the  laser  rod.  This  absorbed  energy  would  be  sufficient  to  produce  a 
gain  of  approximately  1.014  in  a 1/4”  x 3"  laser  rod  (see  Table  VI). 

This  is  well  below  the  1.04  gain  estimated  to  be  needed  for  lasing. 

Therefore,  under  these  pumping  conditions,  lasing  would  not  be  expected 
from  the  Cu+  ion.  However,  in  a 3 mm  x 3"  rod,  the  expected  gain 
would  be  1.063,  which  is  slightly  above  the  1.04  estimated  gain  for 
threshold.  Therefore,  lasing  might  be  expected  from  Cu+  in  a 3 mm  x 
3"  rod.  This  is  particularly  true  for  the  pumping  conditions  used  in 
the  study  where  pump  energies  of  about  94  J were  used.  This  should  have 
produced  population  inversions  which  were  6 times  the  expected  threshold 
for  lasing  for  a 3 mm  x 3"  rod,  and  even  slightly  exceeded  the  expected 
threshold  for  lasing  for  a 1/4”  x 3"  rod. 

5.1.6.  Sn2~<~  Doped  Glasses 

A series  of  Sn2+  doped  glasses  (see  Table  III)  was  prepared. 

The  absorption  and  emission  spectra  of  some  of  these  glasses  are  shown 
in  Figures  6 through  8.  Under  2537$  excitation  the  quantum  efficiency 
for  the  silicate  glasses  was  found  to  vary  between  0.12  and  0.47.  The 
reason  for  this  variation  in  quantum  efficiencies  becomes  apparent  when 
examining  the  absorption  spectra  of  these  glasses,  and  the  undoped  base 
glass,  shown  in  Figure  6.  That  is,  the  absorption  by  the  base  glass  is 
quite  intense  at  2537a  (1.30  cm-1)  and  can  effectively  compete  for  the 
absorption  of  light  with  the  Sn2+  ion  in  the  more  lightly  doped  gla66es. 

For  example,  the  absorption  intensities  are  about  1.85  cm-1  and  5.78  cm-1 
at  2537&  for  the  doped  glasses  containing  0.01  and  0.1  mole  Z 8n0.  Using 
these  values  and  that  of  the  undoped  glas6,  the  measured  quantum  efficiencies 
of  the  Sn2+  fluorescence  can  be  corrected,  giving  0.40  and  0.44  (as  compared 
to  0.47  measured  for  the  1.0  mole  Z SnO  glass).  Using  these  values  and  the 
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measured  fluorescent  decay  times  (with  excitation  at  about  2540&  and 
measured  through  a Schott  BG18  green  filter  glass  transmitting  greater 
than  40%  from  ^3500A  to  6000$)  radiative  decay  rates  of  about  41  usee 
are  obtained  (see  Table  V) . 

As  might  be  expected  from  the  appearance  of  the  Sn2+  emission  spectra, 
the  emission  from  these  glasses  appears  white.  Thl6  seems  very  desirable 
for  the  "tunable”  laser  application  since  any  wavelength  throughout  the 
visible  might  be  selected.  However,  the  band  at  400  nm  and  the  band  at 
600  nm  apparently  arise  from  two  different  Initial  energy  levels.  That  Is, 

In  a previous  unpublished  work  it  was  found  that  the  400  nm  emission  band 
Is  quite  strong  when  the  glass  Is  excited  at  about  2500A  but  nearly  disappears 
from  the  emission  spectrum  when  the  glass  is  excited  at  longer  JTV  wavelengths. 
While  this  phenomenon  does  complicate  the  estimation  of  the  Sn2  stimulated 
emission  cross  section  and  lasing  potential,  it  probably  does  not  produce  a 
great  error  In  these  calculations  since  the  long  wavelength  band  appears  to 
dominate  the  various  spectroscopic  measurements  (peak  X,  AX,  t). 

It  Is  possible  that  the  same  phenomenon  is  being  observed  In  the  Sn2+ 

Ion  In  silicate  glasses  Is  the  same  as  that  taking  place  In  the  Cu+  Ion. 

That  Is,  the  absorption  Is  taking  place  In  an  allowed  transition  with  short 
wave  excitation.  Direct  emission  from  this  level  would  be  In  the  400  nm 
band  which  may  have  a short  decay  time.  However,  most  of  the  energy  may 
decay  to  a slightly  lower  lying  level  which  then  has  a forbidden  transition 
and  therefore  a relatively  long  decay  time.  The  600  nm  band  would  then 
result  from  the  forbidden  transition.  However,  the  present  .lata  are  not 
sufficient  to  establish  this. 

If  the  radiative  decay  time  of  41  sec  Is  taken  for  the  Sn2+  ion  in 
the  glass  AF119,  a peak  emission  cross  section  of  0.45  x 10”20  cm2  can 
be  calculated  for  the  5850A  peak.  This  Is  nearly  identical  to  that 
calculated  for  the  Cu+  ion  In  the  Na20-Ca0-S102  glass.  It  le  also  found 
that  the  bandwidth  for  pumping  the  Sn2+  Ion  Is  nearly  the  same  as  the 
Cu+  Ion  (see  Table  VI).  Therefore,  the  possibility  of  lasing  the  Sn2  ion 
in  a silicate  glass  appears  to  be  the  same  as  that  for  lasing  the  Cu  ion. 

That  is,  lasing  might  be  expected  for  the  Sn2+  Ion  in  a 3 mm  x 3"  rod  under 
reasonably  low  (25  J)  pumping  conditions  but  not  in  a 1/4"  x 3"  rod.  However, 
under  more  Intense  pumping  conditions  (94  J) , a population  inversion  approxi- 
mately 6 times  the  expected  threshold  should  be  achieved  for  a 3 mm  x 3"  rod 
and  near  threshold  conditions  might  be  achieved  for  a 1/4"  x 3"  Sn2+  doped 
laser  rod. 

The  fluorescent  decay  time  for  Sn2+  was  found  to  be  considerably 
shorter  In  the  phosphate  glass  A123  than  in  the  silicate  glass  A119.  The 
quantum  efficiency  was  also  found  to  be  about  22%.  These  values  combine 
to  give  a radiative  decay  time  In  the  phosphate  glass  of  26  usee.  However, 
because  of  the  shorter  wavelength  of  the  emission  peak  In  the  phosphate 
glass,  the  stimulated  emission  cross  section  for  the  Sn2  Ion  is  only  about 
0.23  x 10_20cm2  (about  one  half  that  for  the  silicate  glass).  The  effect 
of  this  lower  cross  section  is  nearly  cancelled  by  the  broader  band  widtb  + 
for  pumping  in  the  phosphate  glass  so  that  the  expected  for  the  Sn 


ion  in  a 3 nm  x 3"  rod  under  reasonably  low  (25  J)  pumping  conditions, but 
not  in  a 1/4"  x 3"  rod.  However,  under  more  intense  pumping  conditions 
(94  J) , a population  inversion  approximately  7 times  the  expected  threshold 
should  be  achieved  for  a 3 mm  x 3"  rod  and  near  threshold  conditions  might 
be  achieved  for  a 1/4"  x 3"  Sn2+  doped  laser  rod. 

The  fluorescent  decay  time  for  Sn2+  was  found  to  be  considerably 
shorter  in  the  phosphate  glass  A123  than  in  the  silicate  glass  A119.  The 
quantum  efficiency  was  also  found  to  be  about  221.  These  values  combine  to 
give  a radiative  decay  time  in  the  phosphate  glass  of  26  usee.  However,  J 

because  of  the  shorter  wavelength  of  the  emission  peak  lijt  the  phosphate 
glass,  the  stimulated  emission  cross  section  for  the  Sn2  ion  is  only  about 
0.23  x 10“20cm2  (about  one  half  that  for  the  silicate  glass).  The  effect 
of  this  lower  cross  section  is  nearly  cancelled  by  the  broader  band  widtlji 
for  pumping  in  the  phosphate  glass  so  that  the  expected  gain  for  the  Sn2 
ion  is  nearly  identical  in  both  the  calcium  phosphate  and  the  Na20-Si02 
glasses  (see  Table  VI) . 

5.2.  Spectroscopic  and  Laser  Evaluation  of 
the  "Most  Promising"  Ions 

From  the  results  of  the  initial  spectroscopic  evaluation  phase  of 
thi6  program,  it  appeared  that  three  ions  deserved  further  evaluation. 

These  were  the  Eu2  , Sn2+  and  Cu+  ions.  In  addition,  the  Sb3*  ion  appeared 
quite  interesting  in  several  glasses  examined  briefly.  Therefore,  it  was 
also  Included  as  a fourth  ion  for  further  study. 

In  this  second  phase  of  the  program,  a series  of  glass  melts  were 
prepared  which  contained  these  four  ions  in  various  hosts.  In  addition, 
melts  of  the  undoped  base  glasses  were  prepared  for  comparison.  A listing 
of  the  compositions  and  melting  conditions  of  these  various  glass  melts  is 
given  in  Table  III.  Spectroscopic  samples  and  laser  rods  were  prepared  for 
testing. 

5.2.1.  Host  Selection 

Several  different  host  glass  compositions  were  used  in  this  study. 

The  objectives  of  this  host  variation  were  several:  (1)  to  determine  the 
variation  in  the  spectroscopic  properties  of  the  dopant  lon6  as  the  host 
was  changed;  (2)  to  eliminate  or  reduce  the  host  excited  state  absorption 
or  transient  color  center  formation  which  occurred  when  pumping  the  laser 
rods;  and  (3)  to  Improve  the  UV  transparency  of  the  host,  which  could 
increase  the  efficiency  of  pumping  the  dopant  ions.  It  was  found  that 
changing  the  host  composition  had  a marked  effect  on  all  three  of  these 
parameters.  The  effects  on  the  first  two  parameters  (the  spectroscopic 
variation  of  the  dopant  ions  and  the  color  center  formation)  will  be 
discussed  in  the  later  sections  concerning  individual  ions.  The  effect 
on  the  third  parameter,  the  UV  transmission  of  the  host,  will  be 
discussed  here.  For  this  study,  host  glass  compositions  were  chosen 
from  silicate,  borate  and  phosphate  systems. 
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5. 2. 1.1.  Silicate  Hosts  - The  silicate  hosts  used  for  doping  were 
simple  sodium-silicate  containing  a small  amount  of  alumina.  The 
compositions  of  these  glasses  can  be  formed  in  Table  VII.  Batch  materials 
were  chosen  so  that  the  iron  level  in  these  glasses  should  have  been  less 
than  10  ppm  FejOs.  The  absorption  spectra  of  several  of  these  glasses  are 
shown  in  Figure  9.  As  can  be  seen,  there  1b  essentially  no  difference  in 
the  absorption  spectra  of  the  NajO-SlO;?  glass  and  the  Na20-Ca0-Si02  glasses. 
The  only  spectrum  which  appears  significantly  different  is  that  for  the 
glass  AF131-2.  This  glass  was  melted  under  reducing  conditions  so  that 
most  of  the  iron  present  in  the  glass  is  probably  in  the  Fe2+  state  rather 
than  the  Fe3+  state  (Fe^  absorbs  in  the  UV  while  Fe2+  absorbs  in  the  IR) . 
This  would  tend  to  indicate  that  the  UV  absorption  seen  for  the  other 
three  glasses  in  Figure  VII  i6  due  to  Fe3+  rather  than  the  host  absorption 
edge. 


5. 2. 1.2.  Borate  Hosts  - The  borate  hosts  used  for  doping  were  either 
simple  sodium  borates  or  sodium  calcium  borates.  The  compositions  of  these 
glasses  can  be  found  in  Table  VII.  Batch  materials  chosen  for  these  glasses 
contained  3 ppm  Fe2C>3  in  ine  case  (AF150-1  and  AF151-1)  and  less  than 

0.3  ppm  In  a second  ease  (AF150-2  and  AF151-2).  (In  the  second  set  of 
glasses  the  iron  level  may  have  been  much  less  than  0.3  ppm.  However,  the 
calorimetric  test  used  for  analyzing  the  boric  acid  used  in  these  glasses 
was  only  sensitlvle  to  0.3  ppm  Fe20j.  The  sodium  and  calcium  carbonates 
used  contained  less  than  500  ppb  Fe203.)  The  absorption  spectra  for  these 
glasses  are  shown  in  Figures  10  and  11.  As  can  be  seen,  there  is  a slight 
difference  in  the  transmission  for  the  3 ppm  and  the  <0.3  ppm  melts. 

However,  it  was  judged  that  this  difference  was  slight  so  that  the  normal 
3 ppm  reagent  grade  batch  materials  were  used  for  making  the  various  doped 
samples.  There  is,  however,  a considerable  difference  between  the  Na20- 
B2O3  and  the  Na20-Ca0-B203  transmissions.  The  simple  N820-B203  glasses  were 
the  most  UV  transparent  glasses  made  in  this  study.  Unfortunately,  these 
glasses  also  had  a very  poor  chemical  durability,  even  showing  some  attack 
by  atmospheric  water. 

5. 2. 1.3.  Phosphate  Hosts  - The  only  phosphate  glasses  made  in  this 
study  were  of  the  simple  calcium  metaphosphate  composition.  It  was  hoped 
that  these  glasses  would  have  a good  UV  transmission.  However,  as  can  be 
seen  in  Figure  12,  this  glass  absorbed  more  strongly  in  the  UV  than  either 
the  borate  or  the  silicate  glasses.  This  may  have  been  due  to  iron  con- 
tamination from  the  melting  crucible  since  these  melts  were  made  in  alumina 
crucibles.  Thl6  was  not  confirmed.  (Melting  could  be  done  in  a Ft 
crucible  except  dissolved  Ft  in  phosphate  glasses  also  absorbs  strongly  in 
the  UV.) 

5.2.2.  Bu2*  Evaluation  for  Lasing  Potential  and  Gain 

As  was  discussed  in  Section  5.1.4.,  the  Eu2+  ion  should  display  a 
gain  which  should  easily  make  it  lase  under  reasonable  pumping  conditions. 

In  fact,  this  ion  is  by  far  the  most  promising  laser  ion  identified  in 
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this  study.  It  was  estimated  that  a reasonably  low  pump  energy 
(425  J)  should  produce  a single  pas6  gain  In  a 3"  laser  rod  of  about 
1.4  to  1.9,  which  Is  at  least  ten  times  that  which  should  be  needed 
for  lasing  threshold.  Therefore,  a 4 ■ x 3"  laser  rod  was  prepared 
for  laser  testing  from  an  Eu2^  doped  "96Z  silica"  glass  containing 

0.02  wt.  X EuO. 

The  above  laser  rod  was  tested  for  lasing  as  described  In  Section 
4.  However,  no  Indication  of  la6lng  was  observed.  Therefore,  the  mirrors 
of  the  laser  were  removed  and  the  rod  wa6  further  tested  for  gain  or  excited 
state  or  other  pumped  abosrption  by  using  a cw  laser  probe,  as  was  also 
described  In  Section  4.  The  cw  laser  probe  wavelengths  used  were  4545&  and 
5017a.  The  results  of  this  test  can  be  found  In  Appendix  1.  As  can  be 
seen,  rather  than  observing  a gain  In  the  intensity  of  the  cw  laser  beam, 
a quite  strong  (>50Z)  absorption  occurred  In  the  rod  under  the  flashlamp 
pumping.  This  absorption  could  be  arising  from  several  sources.  The 
most  likely  of  these  are: 


1.  A loss  of  the  cw  probe  laser  light  due  to  thermal 
distortion  of  the  laser  rod.  (From  the  rapid  decrease 
In  the  transmission,  and  from  the  intensity  of  the 
absorption,  it  Is  felt  that  a thermal  distortion  of 

the  laser  rod  is  probably  not  responsible  for  all  of  the 
absorption  observed;  however,  it  may  be  contributing 
some  part.) 

2.  An  excited  state  absorption  in  the  Eu2+  ion.  (Because 
of  the  long  decay  time  observed  for  most  of  this 
absorption,  it  is  probably  not  due  to  an  excited  state 
absorption  in  the  Eu2+  ion.  Any  Eu2+  excited  state 
absorption  should  have  a very  short  decay  time.  How- 
ever, the  rapid  decay  time  observed  immediately  after 
pumping  could  be  due  to  this  effect.) 

3.  A color  center  formation  or  trapped  electron  in  the 
host.  (Because  of  the  long  decay  time  of  the  absorption 
this  appears  to  be  the  most  likely  effect.) 

If  color  center  formation  is  responsible  for  the  observed  absorption 
in  the  Eu2+  doped  96Z  Si(>2  glass,  further  development  of  the  host  may  produce 
a successful  laser  material.  For  example,  if  the  electrons  which  are  pro- 
ducing the  color  centers  In  the  glass  arise  from  Impurities  such  as  Na  , 

B3+,  Fe3+  etc.,  a pure  fused  silica  host  or  CaF2  host  may  be  a successful 
candidate  for  an  Eu2+  laser  material.  However,  if  the  Eu2+  ion  itself 
is  acting  as  the  source  for  the  electrons  forming  the  color  centers,  a 
proper  host  selection  may  not  be  sufficient  for  producing  a successful 
host  (such  as  the  fused  silica  or  CaF2)  and  also  use  laser  pumping  directly 
into  the  longer  wavelength  Eu2+  absorption  band  for  excitation.  This 
would  eliminate  the  harder  UV  which  may  be  responsible  for  producing  the 
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color  centers  In  the  material.  It  Is  strongly  recommended  here  that  these 
further  Investigations  be  pursued  because  of  the  high  emission  cross 
section  of  the  Eu2+  Ion  and  Its  great  potential  for  lasing. 

5.2.3.  Cu+  Evaluation  for  Lasing  Potential  and  Gain 

A number  of  Cu+  doped  glasses  were  prepared  for  this  phase  of  the 
study  under  different  melting  conditions.  Several  of  these  melts  were 
selected  for  preparation  of  spectroscopic  samples  and  laser  rods.  The 
samples  were  selected  from  melts  so  that  comparisons  could  be  made  among 
the  different  melting  conditions.  These  melts  were: 

1.  a Cu+  doped  Na20-Ca0-Si02  glass  melted  under 
reducing  conditions 

2.  a Cu+  + Cu2+  doped  Na20-Ca0-S102  glass  melted 
In  an  air  atmosphere 

3.  a Cu+  + Sn2+  doped  Na20-Ca0-S102  glass  melted 
in  an  air  atmosphere 

The  first  group  of  samples  were  clear  glasses  in  which  the  copper  was 
completely  reduced  to  the  Cu+  state.  The  second  group  of  samples  were 
from  glasses  which  had  a slight  blueish  color  due  to  the  Cu2*  present.  The 
third  group  of  samples  were  taken  from  a melt  containing  both  Cu+  and  Sn2+ 
Ions.  This  melt  wa6  made  In  order  to  completely  reduce  the  copper  to  the 
Cu+  state  while  melting  In  an  sir  atmosphere  (this  is  done  by  an  internal 
oxidation  of  the  Sn2+  during  cooling).  However,  this  melt  partially  "struck" 
to  a ruby  glass  on  cooling  so  that  part  of  the  melt  was  red  and  part  was 
clear.  The  absorption  and  emission  spectra  of  these  glasses  are  shown  in 
Figures  13,  14  and  15.  As  can  be  seen,  the  emission  spectra  of  these 
several  glasses  are  nearly  identical.  However,  the  absorption  spectra  do 
show  characteristic  differences.  For  example,  the  absorption  producing 
the  red  color  in  the  glass  AF138-1  can  be  seen  extending  out  past  600  nm.  A 
Although  not  done  in  this  study,  it  would  be  interesting  to  run  an  excitation 
spectra  on  this  glass  to  determine  if  this  absorption  is  effective  for  pro- 
ducing Cu+  fluorescence. 

The  various  spectroscopic  parameters  measured  and  calculated  for  these 
glasses  are  also  tabulated  in  Table  VIII.  As  was  found  on  the  earlier 
melts  of  C^+  containing  glasses,  the  stimulated  emission  cross  section 
for  the  Cu  ion  was  found  to  be  about  0.3  to  0.5  x 10~2Ccm2.  This  emission 
cross  section  is  sufficiently  high  to  expect  lasing  under  reasonable  pump 
conditions  (see  Sections  5.1.5.  and  3.4.). 

Laser  rods  were  orepared  from  several  of  these  same  melts  and  examined 
for  gain  or  excited  state  absorption.  The  results  or  these  tests  are  shown 
in  Appendix  1.  As  can  be  seen,  the  glasses  melted  under  both  reducing  and 
oxidising  conditions  show  very  intense  pumped  absorptions  throughout  the 
visible  region  of  the  spectrum  (6328a,  5017A  and  4545A) . However,  the 
glass  melted  with  both  Cu+  and  Sn  + shows  much  less  excited  state  absorption. 
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of  the  Sn2+  or  the  copper  ruby 


absorption  Is  due  to  color  center 
characteristic  of  the  Cu+  Ion. 

The  reasons  for  this  opinion  are  several  fold:  first,  the  decay  time  of 
the  Cu+  ion;  second,  the  absorption  is  much  too  Intense  to  be  due  to  a 
thermal  distortion  of  the  la6er  rod  (in  fact  the  transmitted  light  through 
the  laser  rod  can  visually  be  seen  to  dim  and  then  brighten  again  without 
a "blooming"  of  the  beam);  and  third,  the  pumped  absorption  observed  in 
undoped  Na20-Ca0-Si02  glasses  i6  nearly  the  seme  in  intensity  and  decay 
time  as  the  Cu+  doped  glasses  (see  the  undoped  glasses  in  Appendix  I) . 
Therefore,  while  the  Cu+  ion  does  not  have  nearly  as  high  an  emission  cross 
section  as  the  Eu2+  ion,  it  is  still  an  Interesting  and  promising  ion  with 
respect  to  lasing.  Therefore,  experiments  similar  to  those  suggested  for 
the  Eu2^-  ion  would  also  be  valuable  for  the  Cu+  ion.  That  is,  flashlamps 
and  laser  pumping  of  Cu+  doped  fused  silica  ®r  fluoride  hosts  is  recommended. 

5.2.4.  Sn2*  Evaluation  for  Lasing  Potential  and  Gain 

A series  of  Snz  doped  silicate,  phosphate  and  borate  glasses  were 
prepared  for  this  phase  of  the  study.  The  compositions  of  these  glasses 
are  given  in  Table  VII.  The  absorption  and  emission  spectra  of  these 
glasses  are  shown  in  Figures  16  through  21.  A very  large  shift  in  the  emission 
peak  to  shorter  wavelengths  can  be  noted  when  going  from  the  silicate  to  the 
phosphate  and  then  the  borate  hosts.  On  closer  inspection  of  the  emission 
curves,  the  silicate  and  borate  glasses  may  actually  be  quite  similar  where 
both  contain  a red  and  a blue  band.  However,  in  the  silicate  glass  the  red 
band  is  very  intense,  while  in  the  borate  glass  it  is  very  weak  compared  to 
the  blue  band.  In  the  phosphate  glass,  only  one  band  is  evident. 

The  various  spectroscopic  parameters  measured  and  calculated  for  these 
glasses  are  tabulated  in  Table  VIII.  The  stimulated  emission  cross  section 
for  the  Sn2+  ion  was  found  to  be  about  0.4  to  0.5  x 10”20cm2  in  the  phosphate 
and  silicate  glasses.  For  the  borate  glasses  it  was  found  to  be  somewhat 
lower,  being  about  0.25  to  0.3  x 10“20cm2.  This  is  primarily  due  to  the 
shorter  emission  wavelength  of  the  borate  glasses.  However,  as  was  noted 
earlier,  these  cross  sections  and  the  resulting  gains  are  sufficiently  high 
to  expect  lasing  under  reasonable  pump  conditions. 

Laser  rods  were  prepared  from  several  of  these  melt6  and  examined 
for  gain  or  excited  state  absorption.  The  results  of  these  tests  are 
shown  in  Appendix  1.  As  can  be  seen,  the  pumped  absorptions  of  the  silicate 
glasses  were  quite  intense,  especially  at  shorter  wavelengths.  However,  they 
were  not  nearly  as  intense  as  those  observed  in  the  undoped  or  Cu+  doped 
silicate  glasses.  Since  these  decay  times  were  also  very  long,  it  might  be 
expected  that  these  pumped  absorjptlons  were  due  to  color  center  formation  in 
the  host  (Independent  of  the  dopant  ion). 

The  pumped  absorptions  observed  in  the  Sn2"*"  doped  phosphate  and  borate 
glasses  were  somewhat  weaker  than  those  observed  in  the  silicates.  Some 
were  sufficiently  weak  so  that  thermal  distortion  may  have  been  responsible 


This  could  be  due  to  a filtering  effect 
color. 

It  is  felt  that  this  excited  state 
formation  in  the  host  rather  than  being 
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for  the  observed  decrease  In  intensity.  This  was  particularly 
true  for  the  Sn2  doped  CaO-PjO*  glass  and  the  Sn2+  doped  Ha^OrBjOj  glass . How- 
ever, this  can  not  be  stated  with  certainty  without  more  extensive  investigation. 


Since  some  pumped  absorption  was  observed  in  all  of  the  samples  tested, 
similar  experiments  to  those  recommended  for  the  Eu2+  and  Cu+  ions  are  also 
recommended  here.  That  is,  flashlamp  and  laser  pumping  of  Sn2+  doped  fused 
silica  or  fluoride  crystals  are  recommended.  In  this  case,  however,  laser 
pumping  of  the  Sn2+  doped  phosphate  and  borate  glasses  may  also  be  worth 
pursuing. 

5.2.5.  Sb3  Evaluation  for  Lasing  Potential  and  Gain 

A series  of  Sb3  doped  silicate,  phosphate  and  borate  glasses  were 
prepared  for  this  study.  The  compositions  of  these  glasses  are  given  in 
Table  VII.  The  absorption  and  emission  spectra  of  these  glasses  are  shown 
in  Figures  22  through  25.  As  in  the  case  of  the  Sn2+  ion,  quite  large 
shifts  are  found  for  the  peak  emission  wavelength  when  the  host  glass  is 
varied.  However,  unlike  the  other  ions  examined,  a very  large  host  dependence 
of  the  quantum  efficiency  of  the  Sb3+  fluorescence  was  found.  In  fact,  the 
quantum  efficiency  of  the  Sb3+  ion  in  the  borate  hosts  was  so  low  that  these 
glasses  should  probably  not  be  considered  as  potential  laser  materials. 

The  various  spectroscopic  parameters  measured  and  calculated  for  the 
various  Sb3+  doped  glasses  are  given  in  Table  VIII.  The  stimulated  emission 
cross  section  for  the  Sb3+  ion  was  found  to  be  about  0.4  and  0.6  x 10“20cm2 
in  the  silicate  and  phosphate  hosts  respectively.  These  cross  sections  are 
very  nearly  the  same  as  those  calculated  for  the  Sn2+  and  Cu+  doped  glasses. 
Therefore,  these  Sb3+  doped  glasses  might  be  considered  to  have  about  the 
same  lasing  potential  as  the  Sn2+  and  Cu+  doped  glasses. 


Laser  rod6  prepared  from  several  of  these  melts  were  examined  for  gain 
or  excited  state  absorption.  The  results  of  these  tests  are  shown  in 
Appendix  1.  The  pumped  absorption  observed  in  the  Sb3+  doped  silicate  glass 
was  sufficiently  intense  that  it  is  felt  that  it  is  similar  in  nature  to  that 
observed  in  the  other  various  silicate  glasses  tested.  However,  very  little 
if  any  excited  state  absorption  can  be  6een  in  the  Sb3+  doped  CaCM^Os 
glass  tested.  This  observation,  along  with  the  reasonably  high  emission 
cross  section  (0.6  x 10-20cm2)  and  the  high  expected  gain  under  pumping 
conditions  (see  Table  VIII),  make  this  a promising  candidate  for  further 
testing.  In  addition,  a similar  recommendation  as  was  made  for  the  several 
other  Jons  is  made  here.  That  is,  flashlamp  and  laser  pumping  of  Sb3  doped 
fused  silica  or  fluoride  crystals  is  recommended. 
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6.  Conclusions  and  Recommendations 


1.  The  Eu2  ion  was  found  to  have  a peak  emission  cross  section  for 
stimulated  emission  of  about  9 x 10~20cm2  in  a 96%  SiC>2  host. 

This  is  very  high  and  should  easily  lead  to  lasing. 

2.  The  Cu+,  Sn2+  and  Sb2+  ions  were  found  to  have  peak  emission  cross 
sections  for  stimulated  emission  of  about  0.4  to  0.5  x 10-20cm2  in 
various  glass  hosts.  These  cross  sections  are  somewhat  low  but  should 
still  lead  to  lasing  under  reasonable  pump  conditions. 

3.  No  lasing  or  net  gain  was  observed  for  any  glass  tested  in  this  study. 
Host  glasses  showed  a pumped  absorption.  It  is  felt  that  transient 
color  center  formation  (solarization)  in  the  glass  host  itself  produced 
the  observed  pumped  absorptions.  (Rather  than  excited  state  absorption 
in  the  dopant  ions.) 

4.  The  most  promising  host  for  the  Eu^  ion  is  96%  SiC>2  or  100%  Si02. 

This  is  based  on  the  ease  of  reducing  Eu2+  to  Eu2+.) 

5.  The  most  promising  host  for  the  Sb2+  ion  is  CaO^Og.  (This  is  based 
on  the  high  emission  cross  section,  efficient  pumping  and  low  excited 
state  absorption.) 

6.  The  most  promising  hosts  for  the  Sn2+  ion  were  CaO^Os  and  Na20-B203 
glasses.  (This  is  based  on  low  excited  state  absorptions.) 

7.  It  is  recommended  that  flashlamp  pumping  and  laser  pumping  be  used  to 
further  test  the  following  materials  for  lasing: 

Eu2+  doped  fused  silica  (first  priority) 

Eu2+  doped  CaF2- 

Cu+,  Sn2+  and  Sb3+  doped  fused  silica 
Cu+.  Sn2+  and  Sb3+  doped  fluoride  crystals. 

Sb3*  doped  Ca0*P205 
Sn2+  doped  Ca0*P20s 
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Table  I 

Fluorescent  Ions  In  Glass  Which  Display 
High  Oscillator  Strengths 
(Allowed  Transitions) 


Rare  Earths 
with 

4 f^”*5d  -*•  4fN 
Emission 

Ce3+ 

*Eu2+ 

Yb2+ 


Filled  Shell 
Fluorescent 
Ions 

(S2  or  d10) 


Molecular 

Suspension 

CdS 


Fluorescence  Greater 
Greater  Than  5000$ 


*Sn2+ 

Sb3+ 

Ge2+ 

Bi3+ 

V5+ 
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Table  III 


Compositions  of  Select  Glasses 
Melted  for  Spectroscopic  Studies 


Weight  % 

AF-103 

AF-104 

AF-105 

AF-109 

AF-110 

AF-111 

S102 

73.30 

73.27 

73.30 

68.77 

68.74 

68.76 

ai2o3 

1.69 

1.69 

1.69 

4.86 

4.86 

4.86 

li2o 

- 

- 

- 

15.67 

15.66 

Na20 

13.50 

13.49 

13.50 

- 

- 

- 

CaO 

11.50 

11.50 

11.50 

10.70 

10.69 

10.70 

Cu20 

— 

0.05 

0.01 

- 

0.05 

0.01 

Atm: 

Excess  CH4  In 

gas-air 

fired  furnace  

* 

Wt.  % 

Mole  1 

AF-117 

AF-118 

AF-119 

AF-120 

AF-121 

AF-122 

S102 

50.0 

75.0 

75.0 

75.0 

75.0 

75.0 

Na20 

22.0 

25.0 

25.0 

25.0 

25.0 

25.0 

CaO 

8.0 

- 

- 

- 

— 

- 

Ge02 

20.0 

- 

- 

- 

- 

- 

SnO 

- 

- 

0.01 

00.1 

. 1.0 

- 

Sb203 

- 

- 

“ 

- 

- 

0.1 

Atm: 

sodium  added 

Air 

In  Electric  Furnace  

— ^ 

as  acetate- 
melted  In 
covered 
crucible 


AF-123 


Mole  Z 

AF-124  AF-125  AF-126  AF-127 


AF-128 


CaO  50.0  50.0 

P205  50.0  50.0 

K20 
BaO 

Ge02  — — 

SnO  0.1 

Sb203  — 00.1 

Bl203  — — 

N10 


50.0 

50.0 


0.1 


17.0 

17.0 

66.0 


17.0 

17.0 

66.0 


17.0 

17.0 

66.0 


0.01 


Atm:  air 


made  from 
carbonate 
constituents 


K and  Ba  added  as 
acetates  - melted 
In  covered  crucible 
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Table  II 

Dopants  in  Glass  which  Fluoresce 
at  Wavelengths  Greater  Than  5000  A 

Fluorescence 


Ion 

Configuration 

color 

Reference 

Cu+ 

d10 

blue-green 

3,  6 

Ge2* 

s2 

orange -red 

4 

Sn2* 

s2 

white 

5,  6 

Sb3+ 

s2 

whitish-blue 

5,  6 

Bi3* 

62 

blue 

(narrow  red?) 

6,  11 

rare  gas 

yellow 

7 

.CdS 

molecule 

variable  thru 
vis.  and  IR 

8,  9 

Eu2* 

rare  earth 

blue  to  green 

1#  10 

Yb2* 

rare  earth 

green 

10 

f 


f 


23- 


* Prepared  by  soaking  porous  Vycor  in  a solution  containing 
O.OOI87  g of  Eu(N03)3*6Ha0  per  cc  of  solution.  Concentra- 
tion was  chosen  so  that  absorbance  would  be  about  4/cm  at 
peak  of  Eu2+  absorption  according  to  data  of  J.  H.  Macky 
and  J.  Nahum. 

* Prepared  by  soaking  porous  Vycor  in  a solution  containing 
0.0037  g Ybs03  per  cc  of  solution  as  ytterbium  acetate. 
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Table  V 


Fluorescent  Decay  Time  and 
Quantum  Efficiencies  of  Select  Glasses 


Host 

Ion 

•T  (ysec) 

JL 

t2i  (i*ec) 

71*11* -Oc 

Vycor 

Eu2+ 

1.9 

0.77 

— 

2.5 

7411* -lll+A 

Vycor 

Yb2* 

52.0 

0.072 

m m 

720 

AF-119 

NagO— Si02 

Sn3* 

16.5 

0.12 

o.4o 

4l 

AF -120 

Na20-Si02 

Sn2* 

19-1 

0.51* 

0.44 

1*5 

AF-121 

Na20-Si02 

Sn24- 

19.0 

0.  !*7 

0.1*7 

1*0 

AF-123 

CaD— P 205 

Sn24" 

5.8 

0.22 

mm 

26 

AF-110 

1120-080-5102 

Cu+ 

52. 1* 

0.61 

-- 

53 

AF-111 

Li20-Ca0-5i02 

Cu+ 

55-1 

— 

— 

• - 

AF-lOl* 

Na20-Ca0-Si02 

Cu+ 

27.2 

0.67 

0 ■> 

1*1 

AF-105 

Na^O  — CaO — S102 

Cu+ 

29.  ^ 

mm 

mm 

AF-122 

NasO — S102 

Sb3+ 

9.6 

T *=  measured  fluorescent  decay  time 
i - quantum  efficiencies 

i*  = quantum  efficiencies  corrected  for  interference 
by  base  glass  absorption 

r21  = radiative  decay  time 
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■lnlaua  O.D.  of  0.1S  and  a aaxlnuii  O.D.  of  1.8  through  the  rod. 

25  J puap  pulae  #lth  18Z,  or  4.5  J emitted  between  2300  and  3600X;  and  a 50Z  coupling  coefficient  Into  the  rod 


FIGURE  l 


( I-1"3)  3DNV990S9V 
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WAVELENGTH  (nm) 
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Figure  3 ABSORPTION  AND  EMISSION  SPECTRA  OF  EUROPIUM 


NOISSIWT 


WAVELENGTH  (nm) 


ABSORPTION  AND  EMISSION  SPECTRA  OF 
Cu+  DOPED  Li o O-CaO-SiO o GLASS. 


33NV880S8V 


WAVELENGTH  (nm) 


FIGURE  5.  ABSORPTION  AND  EMISSION  SPECTRA  FOR  Cu+  DOPED 


WAVELENGTH  (nm) 


WAVELENGTH  (nm) 


N0ISSIW3 


ABSORPTION  SPECTRA  OF  "UNDOPED 


( j.wo)  30NV8B0S9V 
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FIGURE  13.  ABSORPTION  AND  EMISSION  SPECTRA  OF  Cu  + DOPED 
Na2  O-CaO-SiO  2 GLASSES.  (REDUCING  CONDITIONS) 
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Figure  u.  ABSORPTION  AND  EMISSION  SPECTRA  OF  Cu+  DOPED 
Na  2 O-CaO-SiO  2 GLASS.  (OXIDIZING  CONDITIONS) 
503  nm 
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FIGURE  15.  ABSORPTION  AND  EMISSION  SPECTRA  OF 

Cu  + + Sn2+  DOPED  Na2  O-CaO-Sio  2 GLASS. 
505  nm 
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FIGURE  19.  ABSORPTION  AND  EMISSION  SPECTRA  OF 

S.n  2+  DOPED  CaO-P  2 0 5 GLASS. 

442  nm 
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WAVELENGTH  (-nm) 


ABSORPTION  AND  EMISSION  SPECTRA  OF 


NOISSIW3 


(j.wa-)  30NV880S8V 


52- 


WAVELENGTH  <-nm) 


[FIGURE  25.  ^ ABSORPTION  AND  EMISSION  SPECTRA  OF 

Sb3+  DOPED  Na?  O-CaO-B  ? 0 o GLASS. 
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Appendix  I. 

Observed  Pumped  Absorptions  vs.  Time  Data 


Cu  Doped  Hi30-C«0-Siflt  (Oxidized  Blue) 


AF137  l.-sec/div^-AS^  AF137  10  . .ec/div  A - *545 


Cu+  Doped  NajO-CeO-SlOjf Reduced) 


) 


IN  VYCOR 


I 


Sn  Doped  NeiO-CaO-SlO* 


AI-U9  V.«/<,ly>.45*5  <71)1  10  Mcc/dtv  X-  *545  W'139  50  »«c/dly  *5« 


01  MCUV 


Undoped  Na_0-Ca0-S10,  (Oxidized) 


msec/dlv  ^ ■ 4545  AF135-2  20  ziaec/dlv 


Doped  Ne.O-B.O 


Undoped  Na.O-CaO-SlOj  (Oxidized) 


AF145-2  l/^aec/dlv  X»  4545  AF145-2  10  naec/div  ^ ■ 4545 
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